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MICROELECTRONIC PROGRAMMABLE DEVICE 
AND METHODS OF FORMING AND PROGRAMMING THE SAME 

pnTf rt nv TTTEINVENTIQN 
The present invention generally relates * microelertronic devices. More 
paruodarly, the invention rentes to programme mtaoeierfronic shuOures suitable for 

use in integrated circuits. 

Memory device, are often used in e.«*onie - «f~ » *» 

information m the form of bii>a^ These menro* oevices ma, be c— - 

various types, <*». w personal 
For example, random access memory ("RAM") which may De / 

„ Zllceldisconr.e^orremoved. Dynamic RAM ( ^ » P— 
voUtile in ft* it must be "refreshed" recharged) every few rn.cro.eco.dsm order » 
^thestoreddaa. Static RAM ("SRAM") will bold the data after one writing so long 
as the power scarce is m*nt»ned; once the power source is disconnect however^ da* 
i, lost Thus in these volatile mer^y conizations, information is oni, reamed so long 

chip area and fcerefrre may be expose to manufacture „e — 
^earncjofenergyford^rage. Accordingly, improved memonr device, suitable 

forusemt^iialcoropKWarrfthelikearedesirable. 

oL storage deuces such as magnetic aorage devices (.,. floppy ft* « d* 

sre ^volatile, have extremely high capacay, and can be rewntten -many t~ 
Lively, *ese memory devices are physic* large, are 
Ve expensive mechanical drives, and may consume redely l»ge amoun* of ^ 
nZnve aspec* mate such memory devices non,deal * ■» 
30 applications such as lap-top and p»im*P computers, persona. digaa. assist ( PDAs ), 

computer systems in which scored mformation changes regularly, low energy readMnte 
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j ^'WORlvrn device uses an array of fusible lints, unce 
PROM, a write-once read-many ( WORM") device, us 

, ^ WORM device cannot be reprogrammed. 
programmed, the WORM device fTTpROM") and electrically 

; pfprOM devices must withstand the nign vuiu^ 

r 1 EEPROM cost per bit of memory capacity is e^moly *h comp»«> ™* 

^ present invention provides improved microelectronic devices for u»» 
• ^cularlv the invention provides relatively non-volatile, 

integrated circuits. More particularly, m mvenu v 



2 



10 



PCT/US01/28266 

WO 02/21542 

In accordance with one exempt structure 

^ctaretaotodM^.on contactor, at lert WO a .^^j^ „«, m 

a portion of one of - * ^ » 

i^of^be^^ionooo^^^^^^ 
In accordance with another aspect, the barrier materuu 

>5 ^^onic^e^medon.^ofa^byfcn^e 



ion conductor material. 
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£Z* with one aspect of * . a « — • ^ " ^ 

3„i«n..hevi* ^^^aiafon^witoU.^.ing^.popof* 
He within the ™ U toed by deport an ion conductive maW onto the 

1^ 1 «*. «. «* *• - — 

^inceases the efficiency of.be device (change in electric* P^erty ^ - 
^suppuen to the device,. In accofdance with another aspect of this embodiment, the 
117^ though the .owe, decode to reduce the interface area between the 
ZZ^Ltl^. inaccord^^y^erasp^oft^ernb^ 
^nTf the ion conductor ma, be removed from the via or the ion conductor rn^ai 
n^t dLonaUy deported into oniy a poruon of the via to further recfcce an interface 
hPtweeo an electrode and the ion conductor. 

accordance wnh sourer embodiment of the invention, a programmable dev.ce 

mav be formed on a surface of a substrate. 

^onares.redmasinsiepro^iest^. ^^^^ 
m embodiment a prc^mmable struck hrdndes a noaung eiectrode mUrposed between 

^"r^Tlyetanomerembodime. nf te invenaon, rnnUipie progrannnabie 
^ces are coupled together using a common eiectrode (e.g ., a common anode or a common 

devices share a common electrode. 



30 

cathode). 
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u accord wnh X » — — *"* * ^ " ' 

of the structure to migrate. 

ppjppjvnsrRTPTION OF THEDRAffBjGS 

A more complete understanding of the present invention may be derived by referring 
A more compiet ^ ^ figures> wherem 

to the detailed description and claims, considered m co 

^.ferencenumbersreferto similar elements ^outthe^^ 

Fig are 1 is a cross-sectional illustration of a programmable structure form 

--carreers----*--- 

rignreS H and ,2ilh^ap B >gn»^ledev,c<>h«^.^«lco^ 

iaaccordance with the present invention; .tewdefion 
Figures 13-19 prognunrnable dev*e stmcture, w»h reduced ele* 

3 „ ion conusor in 

Kgme 20 illustrates a pogrammable dev.ee «th a tapered » 

accordance with the present invention; 
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Fi80I es 2.-24 mustrate » prog**** «— <— • * «— ^ " 

^tace^^pr^-^-l ^ programmable device sutures » 
Figures 25-29 illustrate common electrode programs 

accordance^iththepreserdmventioa for 

Skilled artisans will appreciate that elements m the figures ar 

nrecent invention generally reiaies iu 

_! , h^rate UO in accordance with an exemplary embedment of the 
formed on a surface of a substrate 110 in accor c^ductor 

• Qtn.rt.ires 100 and 200 include electrodes 120 and 130, an ion 

present invention. Structures iuu ana ^ 

... w. .A/1 di^ssed in nratedert below, BappUedacrasselectnxles^ 
^Mvor^CVA draped rn p or example, in accordance with one 

130 to eleccdcalpropeiuea of ^ctnie 100 change. Forexamp 

olecrodepoa.^ however, . not requued ' ^ ^ m 

5 .-electrode^ a, used heron J* J^^. ^ ^ • to 
greased concentration of reduced metal or other ««*•* deposit 

. * .i. in the bulk ion conductor material. As me eiecu i~ 

— Mrah0a ° f "* "** _ 120 ^ bo decreases, and otor electrical 

forms, the resisa.ee between electrodes 20 and ^ 

^ may also change. ^^^T^T^ld** ftom me 
,„ Ire detaii below, to threshold vohage re^ "J-^J^Z^ ^ „ 
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ta ^m*to*^^^»*W«*»"«*- to accordance with oth.r 
embodiments of the invention, application of an electric field between electrodes 120 and 
130 may cause ions dissolved within conductor 140 to migrate and thus cause a change m 
the electrical properties of device 100, without the formation of an electrodeposit Structures 
100 and 200 may be used to store information and thus may be used in memory cnxmts. For 
example, structure 100 or other programmable structures in accordance with the present 
invention may suitably be used in memory devices to replace DRAM, SRAM, PROM, 
EPROM, or EEPROM devices. In addition, programmable structures of the present 
invention may be used for other applications where programming or changing of electncal 
properties of a portion of an electrical circuit are desired. 

Substrate 110 may include any suitable material. For example, substrate 110 may 
include semiconductive, conductive, semiinsulative, insulative material, or any combinahon 
of such material, In accordance with one embodiment of the invention, substrate 110 
includes an insulating material 112 and a portion 114 including microelectronic deuces 
formed on a semiconductor substrate. Layers 112 and 114 may be separated by addruonal 
layers (not shown) such as, for example, layers typically used to form integrated circuxts. 
Because the programmable structures can be formed over insulating or other matenals, the 
programmable structures of the present invention are particularly well suited for apphcaUons 
where substrate (e.g., semiconductor material) space is a premium • 

Electrodes 120 and 130 may be formed of any suitable conductive matenaL For 
example, electrodes 120 and 130 may be formed of doped polysilicon material or metal. 

In accordance with one exemplary embodiment of the invention, one of electrodes 
120 and 130 is formed of a material including a metal that dissolves in ion conductor 140 
when a sufficient bias (V * V T ) is applied across the electrodes (oxidizable electrode) and 
the other electrode is relatively inert and does not dissolve during operation of the 
programmable device (an indifferent electrode). For example, electrode 120 may be an 
anode duringawrite process and be prised of a material mcludingsiNer mat dissolves m 
ion conductor 140 and electrode 130 may be a cathode during the write process and be 
comprised of an inert material such as tungsten, nickel, molybdenum, platinum, metal 
suicides, andthelike. Having at least one electrode formed of a material including a metal 
which dissolves in ion conductor 140 facilitates maintaining a desired dissolved metal 
concentration within ion conductor 140, which in turn facilitates rapid and stable 
electrodeposit 160 formation within ion conductor 140 or other electrical property change 
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state after application of a sufficient voltage. 

JU — operatic of ^ -*,»d^ 

dKtt ode of reL* ine* - - * - 

Ices formauon of o*des at the interface ta " ' W 

tl. - -U as the forr-on of compounds - — • - - ' "J 

. . . . •„ , aver i s formed of material having a relatively m&u 

w 4 „n A».S A*Se Ag,Te, where** 2, AgA where s 2: 
r. , CuO CuS C„Se CuTe, GeO, or SiC) interpose between ion conductor >40 and a 

' ^^r^-— oof.— * 

titled b y manipulauug nhn deposBon parameters and/or by etchrng a porhon of 
etectrical fields form about the spikes or peaks of the roughened surface, and thus the 
^ unifol changes in electric, propel for an appUed vohage across eUctrodes ,20 and 
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130 ma, be rained by providing a rougW ***** »— «- 

to ion conductor .40, parucuWy during «*— <*«— * 

Tne thenna. difmsion is undeared became » ma, reduce «. resisUnce of struck .00ar4 

To reduce undesired diflWon of oridizable decttode material -to .0. conductor 140 
* in accordance wim anote embodiment of the invent the osidizaMe decbode 
^ a me*, ntferca^ in a transit meta. sMde or sdemde m*ena1 - 

a - * „ r,, w US or Se Mis a transition metal such as Ta, V, ana li, 
A^MB2WwhereAisAgorCu,Bist>or&e,mu.au 

iT-i trom about 0.1 * about 0.7. The iuterc^ materia, negates 

^dL.-*— 

^ to parbcipa* in fc Cectrodeposit ^ upon -PP^ o a 
acr ^= to de, 1 20aad.30.F„r^le,^s U v« i a«^»^^»TaS I ^«« 

TaS2 film can include up to about oo.S atomic p«ce* save, Tbe A^).-, maUoa, ts 

amorphous to prevent to prevent undeared difrusion of 
^ xne amorphous mrteri, ma, be formed by, for ^ 
depr^onofatargetrnaterWconiprisbigA^ffl,)!.,. 

a-Agl to another suimble material for me o*idizable electrode, as well as tbe 

indifr^en. elecfrode. Similar « me AJIB*. ^ *— *~ *** " "™ 

as a source of Ag during operation of suucmre 100-e.g, upon appUcation of a s»f**« 

piping • achieve re>auve* high conduct,. Wben me 

formed of Agl, depietion of sUver tome Agl .aver may arise during operahon of sbuchne 

tcTumejlsssuver to provided * me Oae w» P^te ^ sdv« 

Mfcr Uyer. Tne Agl Uyer (e.g, layer 155 and/or 255, reduces mermal diffusion of Ag m* 
ion c^ctor .40, but does no, signmcanU, affect Action of Ag ^ * 

participate in the electrochemical reaction). 
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Other materials suitable for buffer layers 155 and/or 255 include Ge0 2 and SiO, 
Amorphous Ge0 2 is relatively porous an will "soak up" silver during operation of device 
100 but will retard the thermal diffusion of silver to ion conductor 140, .compared to 
^'ctures or devices that do not include a buffer layer. When ion conductor 140 includes 
germanium, Ge0 2 may be formed by exposing ion conductor 140 to an oxidizing 
environment at atemperature of about 300 °C to about 800 °C or by exposing ion conductor 
140 to an oxidizing environment in the presence of radiation having an energy greater than 
the band gap of the ion conductor material. The Ge0 2 may also be deposited using physical 
vapor deposition (from a GeG 2 target) or chemical vapor deposition (from GeH* and an 0 2 ). 

Buffer layers can also be used to increase a "write voltage" by placing the buffer 
layer (eg GeOi or SiO*) between ion conductor 140 and the indifferent electrode. The 
buffer material allows metal such as silver to diffuse though the buffer and take part m the 

electrochemical reaction. 

M accordance with one embodiment of the invention, at least one electrode 120 and 
130 is formed of material suitable for use as an interconnect metal. For example, electrode 
130 may form part of an interconnect structure within a semiconductor integrated circuit. In 
accordance with one aspect of this embodiment, electrode 130 is formed of a material that is 
substantially insoluble in material comprising ion conductor 140. Exemplary materia* 
suitable for both interconnect and electrode 130 material include metals and compounds 
such as tungsten, nickel, molybdenum, platinum, metal suicides, and the like. 

Layers 155 and/or 255 may also include a material that restricts migration of ions 
between conductor 140 and the electrodes. In accordance with exemplary embodiments of 
the invention, a barrier layer includes conducting material such as titanium nitride, titanium 
tungsten, a combination thereof, or the like. The barrier may be electrically indifferent, ,,, 
it allows conduction of electrons through structure 100 or 200, but it does not itself 
contribute ions to conduction through structure 200. An electrically indifferent barrier may 
reduce undesired dendrite growth during operation of the programmable device, and thus 
may facilitate an "erase" or dissolution of electrodeposit 160 when a bias is applied which is 
opposite to that used to grow the electrodeposit. In addition, use of a conducting bamer 
allows for the "indifferent" electrode to be formed of oxidizable material because the barrier 
prevents diffusion of the electrode material to the ion conductor. 

Ion conductor 140 is formed of material that conducts ions upon application of a 
sufficient voltage. Suitable materials for ion conductor 140 include glasses and 



10 



10 



15 



20 



PCTAJSOl/28266 

WO 02/21542 

semiconductor materials. In one exemplary embodiment of the invention, ion conductor 140 

is formed of chalcogenide material. 

Ion conductor 140 may also suitably include dissolved conductive material. For 
example, ion conductor 140 ma, comprise a solid solution that includes dissolved metels 
and/or metal ions. In accordance wuh one exemplary embodiment of the inverts 
conductor 140 includes meal and/or metal ions dissolved in chalcogenide glass. An 
apiary chalcogaud. glass wHh dissolve meal in accordance wim to present invennon 
includes a solid solution of AfcS^Aft GfcSc.Ag, Ge^Ag, Atf >«rOv G*S««<*, 
GeA^Cu, where x ranges from about 0.1 to about 0.5 other cbalcogenide mafcnals 
including silver, copper, zinc, combinations of tee materia*, and the like. In addrtion, 
conductor 140 may include network modifiers that affec* mobility of ions through 
conductor 140. For example, materUls such as metals (f.g., silver), halogens, hahdes, or 
hydrogen may be added to conductor 140 to euhance ion mobility and thus increase 

erase/write speeds of the structure. 

A solid solution suitable for us. as ion conductor 140 ma, be formed in a vanet, of 
ways For example, the solid solution ma, be formed b, depositing a layer of conductive 
material such as metal over an ion conductive matorial such as chalcogenide glass and 
exposing the metel and glass to thermal and/or photo dissolution processing, ^accordance 
whh one exemplary embodiment of the invention, a solid solution of AsA-Ag is formed by 
depositing ASA onto a substiate, depositing a thin film of Ag onto the AsA, and exposing 
.he films to light having energy greater man the optical gap of the As*.-*, 1"™* » 
wa^lengu, of less than about 500 nanometers. If desired, network modifier, may b. adfcd 
to conductor 140 during deposition of conductor 140 (*g., the modifier is in the deposted 
^ or present during conductor 140 material deposition) or after conductor 140matenal 
is deposit (*.*. b, exposing conductor 140 to an ahnosphere including the network 

modifier). . , 

In accordance with another embodiment of the invention, a sohd solution may be 
formed by depositing on. of the concerns onto a substrate or anofcer material layer and 
reacting the first constituent with a second constituent. For example, germanium (preferably 
, ^hous) may be deposued onto a portion of a amstiato and the germanium may be 
reacted withrWe to form a Ge-SegUss. Similarly, As can be deposited and reacted w«h 
tt. B*. gas, or arsenic or gennanium can be deposited and reacted with HoS gas. Silver or 
other metal can then be added to the glass as described above. 
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In accordance with one aspect of this embodiment, a solid solution ion conductor 140 
is formed by depositing sufficient metal onto an ion conductor material such that a porhon of 
the metal can be dissolved within the ion conductor material and a portion of the metal 
remains on a surface of the ion conductor to form an electrode (,*, electrode 120). In 
accordance with alternative embodiments of the invention, solid solutions contanung 
dissolved metals may be directly deposited onto substrate 110 and the electrode then formed 

overlying the ion conductor. 

An amount of contact™ material such as metal dissolved in an ion conductmg 
^tenal suck as chalcogenide may depend on sever., facte*, such as an amount of metal 
available for dictation and an amount of energy applied during the dissolution process. 
However, when a sufficient amount of metal and energy are available for dissolution m 
ehalcogenide material using photc<ns«olution, the dissolution process is thought to be self 
Umiting, substantial halting when the metal cations have been reduced to then- lowest 
nidations**. I n t te caseofAs 1 S,-A a unsc^a.Ag^ S3 -2Ag,S + As 1 S > hav m ga 

in the ehalcogenide materia, using thermal dissolution, a higher atomic percentege of metal 
i„ me solid solution may be obtained, provided a sufficient arnount of metal is available for 

dissolution. 

m accordance with a further embodiment of the invention, the solid solution » 
; 0 formed by photodissolution to form a macrohomogeneous ternary compound and additional 
m etal is added to the solution using thermal diffusion (e.g., in an inert environment at a 
temperature of about 85 °C to about 150 °C) to form a solid solution contaimng, for 
example, about 30 to about 50, and preferably about 34 atomic percent silver. Ion 
conductors having a metal concentration above the photodissolution solubility level 

25 states fonnation o^^ 

(typically about 85 °C to about 150 °C) of devices 100 and 200. Alternatively, the sohd 
solution may be formed by thermally dissolving the metal into the ion conductor at the 
temperature noted above; however, solid solutions formed exclusively from photodissohmon 
are thought to be less homogeneous than films having similar metal concentrations formed 
30 using photodissolution and thermal dissolution 

Ion conductor 140 may also include a filler material, which fills interstices or vouis. 
Suitable filler materials include non-oxidizable and non-sUver based materials such as a non- 
conducting, immiscible silicon oxide and/or silicon nitride, having a cross-secuonal 
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dimension of less than about 1 nm, which do .« contribute to to grow* of an 
electiodeposit. In this case, the fill* material is preset in to ion conductor a. a volume 
^ „f „p to about 5 percent » reduce a likelihood that an electiodepos* wdl 
sponteaveously dissolve into to supporting ternary material as to device is exposed * 
deva^^eraure.wnichleadstt.n^resKble device operatic* witoutcomp« to 
performance of to device. Ion conductor 140 may also include filler material to reduce an 
effective ^sectional area of to ion conduoor. In this case, to concentration of to 
filler material, which may be to same filler material described above but having a cross- 
^ctional dimension upfoaboutSOnnvUpresentintoion inductor m«enal a, a 
eoocenttauon of up to about 50 percent by vohuue. Tie fiUer material may also memde 
^auchassilverorcoppertefmtovoioWto™ 

In accordance with on. exemplary entailment of to invention, ion conductor 140 
mctadesagerrn^-selemdeglassv^si.verd^mto^. Germanmm selemde 

variety of way, In a Sfrrich region. Ge is 4-fold coordinated and Se is 2-fold cocctoated, 
which means tot a glass composition near Georfe*. will have a n«m coordination 
number of about Z4. Glass with mis coordination number is considered by constram. 
counting theory to be optimally contfrained and hence very stable with respect to 
devhrification. The network in such a glass is known to self-organize and become stiess- 
free uiaking it easy for any additive, eg, silver, to finely disperse and form a mixed-glass 
wU d solution Accordingly, in accordance wnh one embodiment of to invention, » 
conductor 140 includes a glass having a composition of Oe..„Se0 „ to CWW 

The composition and structure of ion conductor 140 material often depends on to 
parting or targ« nuterial used to form to conduct. Generally, « is desired to form a 
homogenous material layer for conduct 140 to facUnate reliable and rcpeaUble dev.ee 
Performance. In accordance wnh one embodiment of to invention, a targe, for phystcal 
vapor deposition of material suitable for ion conductor 140 is formed b, selecting a proper 
ampoule, preparing to ampoule, nuinfctining proper temperahnes during formation of to 
glass slow rocking to composition, and quenching to composraon. 

Volume and wall thickness are important factors for consideration in selecting an 
ampouie for forming glass. The wall tockness must be thick enough to wimstimd gas 
p^ tha, arise during to gjas. formation process and are preferably thin enough to 
facilitate heat exchange during to formation process. to accordance wifc exemplar, 
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to form Se and Te based chalcogenide glasses, whereas quartz ampoules wth a waU 

.i^rf^u— -ll-•••»•*^ d, *^ , ^ Iiad 'T°' 

to volume of the ampoule is preferably selected such that the volume of the ampoule » 
5 about8vetimesgreaterthantehcnudgla» 

Once the ampoule is selected, the ampoule is prepared tor glass formation, m 
with one embodiment of te invention, b, cleaning the ampoule w«h 
hydrofluoric acid, ahanol and acetone, drying the ampoule tor a. leas. 24 hours at about 120 
•C evacuating te ampoule and heating ampome »r«il tl* ampoule to™ a cherry red 

.he ampoule, heating te ampoule while avoiding melting of te constituents to desorb an, 
tea ^ oxygen, and seethe ampoule. This process reduces oxygen contamination, 
which in turn promotes raacrohomogeneous growth of the glass. 

The melting temperature of te gUss formation process depends on the glass 
15 ^uriaL mtec.se of getrr^Wgl^ 

a, low tetnpexamre with all available ge-manium is desired to avoid explosion a. subsequent 

720°C) To reduce te risk of explosion, the glass formation process begins by rampmg the 
^ ,emp«*ure to about 3«. X for sdenhun-based glasses (about 200 "C to sulto- 
20 based glnsses) over te period of about an hour and n^nn^g tMs tomperatore for about 
,2hours. m »i 1 ^-»li*--**«»«« , « , '" t * - " 

aboutto^eratoreferaboutKhours. The temperature is then elevated to about 940 =C 

25 basedglaases. The aropoule shouU remain at this elevated ternperature to about 24 hours. 

The melted glass composition is preferably slow rocked at a rate of about 20/munrte 
at least about six hours to increase the homogeneity of the glass. 

Quenching is preferably performed from a teroperataxe at which te vapors and te 
liquid are in an eouilibrium to produce vHrification of te desired composition. In tins case, 

Chalcogenide-rich glasses include a range of conceottations in which under^nstrained and 
unstrained glasses exist. In cases where te glass composition coordina«d number . 
ft, torn te optimal coordination (e g., coonlination numbers of about 2.4 for Ge^e 

14 
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systems) the quenching rate has to be fast enough in order to ensure vitrification, e.g., 
quenching in ice-water or an even stronger coolant such as a mixture of urea and ice-water. 
In the case of optimally coordinated glasses, quenching can be performed in air at about 25 

C " In accordance with one exemplary embodiment of the invention, at least a portion of 
structure 100 is formed within a via of an insulating material 150. Forming a portion of 
structure 100 within a via of an insulating material 150 may be desirable because, among 
other reasons, such formation allows relatively small structures, **, on the order of 10 
nanometers, to be formed. In addition, insulating material 150 facilitates isolating vanous 
structures 100 from other electrical components. 

Insulating material 150 suitably includes material that prevents undesired diffusion of 
electrons and/or ions from structure 100. In accordance with one embodiment of the 
invention, material 150 includes silicon nitride, silicon oxynitride, polymeric materials such 
as polyimide or parylene, or any combination thereof. 

A contact 165 may suitably be electrically coupled to one or more electrodes 120,130 
to facilitate forming electrical contact to the respective electrode. Contact 165 may be 
formed of any conductive material and is preferably formed of a metal such as alummum, 

aluminum alloys, tungsten, or copper . 

In accordance with one embodiment of the invention, structure 100 is formed by 
forming electrode 130 on substrate 110. Electrode 130 may be formed using any suitable 
method such as, for example, depositing a layer of electrode 130 material, patterning the 
electrode material, and etching the material to form electrode 130. Insulating layer 150 may 
be formed by depositing insulating material onto electrode 130 and substrate 110 and 
fonning vias in the insulating material using appropriate patterning and etching processes. 
Ion conductor 140 and electrode 120 may then be formed within insulating layer 150 by 
depositing ion conductor 140 material and electrode 120 material within the via. Such ion 
conductor and electrode material deposition may be selective - Le., the material is 
substantially deposited only within the via, or the deposition processes may be relatively 
non-selective. If one or more non-selective deposition methods are used, any excess 
material remaining on a surface of insulating layer 1 50 may be removed using, for example, 
chemical mechanical polishing and/or etching techniques. Barrier layers 155 and/or 255 
may sirnilarly be formed using any suitable deposition and/or etch processes. 
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formation ma, be stored using programmable structures of the present invention by 
^polattagooec.Moredectdcdprc^erteaofAesttu*^. Fc* example, a reststance of 
a structure may be changed ftotn a'f/' or off state to a "1" or on state during a suitable write 
operate Similarly, *e device ma, be changed from a 1- sute to a T state during an 
erase opemnon. In addition, as discssed in more detail below, the aructore ma, have 
ouWpb progrunmable states such that multiple bits of information are stored m . angle 
structure. 

WRITE OPERATION 

Figure 3 illustrates current-voltage characteristics of a programmable structure (eg. 
structure 200) in accordance with the present invention In the illustrated embodiment, v» 
diameter, D, is about 4 microns, conductor 140 is about 35 nanometen, thick and formed of 
Ge^Ag (near AAH electee 130 is indifferent and formed of nickel electtode 
12 0 is formed of siiver, and barrier 255 is a native nickel oxide. As illustrated in Figure 3, 
^nren, through stiuctore 200 in an off state (curve 310) begins to rise upon applied of a 
hias of over about one volt; however, once a write step has beet, performed (,e., an 
electiodeposi. has formed), the resistance through conductor 140 drop, significant (,e to 
abom200ol.ms),iWKtr.ted by curve 320 in Figure 3. As noted above, when electrode 130 
is coupled to . more negate end of a voltege supply, compared to electrode 120, an 
„ electrodeposi, begin, ,0 form near electrode 130 and grow toward electrode 120. An 
effective thteshokl voltage (/.*, vohage required to cause growth of the electrodepost. and to 
bM k through barrier 255, thereby cotmling electees 320, 330 togemer is relatively htgh 
because of barrier 255. In particular, a voltage V*V T must be applied to sOucmre 200 
sufficient to cause electrons to tunnel through barrier 255 (when barrier 255 comprises an 
25 insulating layer) to form the electrodeposit and to overcome the barrier (e g, by tunuehng 
ttroughor leakage) and conduct through conductor 140 and at leas, a portion of bamer 255. 

In accoruance with alternate embodiments of the invention, where no msolatmg 
barrier layer is present, an initia! "write" threshold vohage is relative!, low because no 
i^dative barrier is formed between, for example, ion conductor !40 and eitiher of the 
30 electrodes 120, 130. 
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READ OPERATION 

A state of the device <f.g., 1 or 0) may be read, without signified duaurbing the 

sate, by, for exampie, applying . t— - «— «■ ° f *" * ^ 

Mril (about 1.4 V for a stiuctore Ulu^^d in Figure 3) for dectiodeposition or by 

5 ^acun-entlinutwhichislessthanore^ 

current which will produce the highest of to on resiaance values). A current limned (to 
a^tlrailliampjreadoperauoaUshow.inrigur.S. In this case, the voltage is swept 
from 0 to about 2 V and the current rises up to the set limit (from 0 to 0.2 V), indicating a 
lowrestoc^^hmic^eart.rreu.-votage)^-^ Anotorway of performing anon- 

Faradaic current tom.U. nearly all the current goes to poUrizmg/charging the device and 
not into the dectrodeposition process. 

15 ERASE OPERATION 

A programmable structure (e.g., structore 200) may suitably be erased by revennng a 
bias applied during a write operation, wherein a magnitude of to applied bias is eo.ua! to or 
greater man to threshold vottage for dectrodeposition in to reverse direction. In 
accordance with an exemplary embodiment of to invention, a sufficient erase vohage 
20 (V^Vt) is applied to structure 200 for a period of time which depends onto stiength of to 
initial connection M is typically less ton about 1 millisecond to r«urn structiue 200 to its 
"off- state having a resistance well in excess of a million ohms. In cases where til. 
programmable stiuctoxe does no. include a barrier between conductor 140 and dectrode 120, 
a toeshold voltage for emstog to sti^ure is much lower ton a threshold voltage fa 
25 writing to suuctore because, unlike to write openmon, to erase operation does no. requne 
dectontuimeltagthroughabarrier or barrier breakdown. 

CONTROL OF OPERATIONAL PARAMETERS 

The concentration of conductive material in the ion conductor can be controlled by 
,0 ^lymgabias^toprogrammabledevice. For example, metiu such as silver rna, be 
ttfcen ourof sohmon by applying a negative voltage in excess of to reduction potential of 

(from one of to electiodes) b, applying a bias in excess of to oxidation potential of to 
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material THus, for example, if the conductive material concentration is above that desired 
for a particular device application, the concentration can be reduced by reverse biasing the 
device to reduce the concentration of the conductive material. Similarly, metal may be 
added to the solution from the oxidizable electrode by applying a sufficient forward bias. 
Additionally, it is possible to remove excess metal build up at the indifferent electrode by 
applying a reverse bias for an extended time or an extended bias over that required to erase 
the device under normal operating conditions. Control of the conductive material may be 
accomplished automatically using a suitable microprocessor. 

Tins technique may also be used to form one of the electrodes from material withm 
the ion conductor material. For example, silver from the ion conductor may be plated out to 
form the oxidizable electrode. This allows the oxidizable electrode to be formed after the 
device is fully formed and thus mitigates problems associated with conductive material 
diffusing fr om the oxidizable electrode during manufacturing of the device. 

As noted above, in accordance with yet another embodiment of the invention, 
nmhiple bits of data may be stored withm a smgle programmable stroctuxe by 
amount of electrodeposit which is formed during a write process. An amount of 
electrodepositthat forms during a write process depends on a number of coulombs or charge 
supplied to the structure during the write process, and may be controlled by using a current 
limit power source. In this case, a resistance of a programmable structure is governed by 
Equation 1, where B. is the "on" state resistance, V T is the threshold voltage for 
electrodeposition , and Ium is the maximum current allowed to flow during the write 
operation. 

V T 



25 



Ron 



Ilim 

Equation 1 



m practice, the limitation to the amount of information stored in each cell will 
depend on how stable each of the resistance states is with time. For example, if a structure is 
with a programmed resistance range of about 3.5 kQ and a resistance drift over a specified 
time for each state is about ±250 Q, about 7 equally sized bands of resistance (7 states) could 
be formed, allowing 3 bits of data to be stored within a single structure. In the limit, for near 
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zero drift in resistance in a specified time limit, information could be stored as a continuum 

of states, Le. P in analog form. 

A portion of an integrated circuit 402, including a programmable structure 400, 
configured to provide additional isolation torn decttonic component is illuarated » Frgur. 
4 in accordance wnh an exemplary embodiment of the preset invention, sttucture 400 
includes electrodes 420 and 430, an ion conduct 440, a contact 460, and an amorphous 
silicon diode 470, such as a Scaottky or p-n junction diode, formed brtweeo conUC 460 and 
e,e«rod« 420. Row, and columns of programmable secures 400 may be fabricated rnte a 
high densi* configuration to provide extremely large storage densities stable for memory 
circuits. In general, the madmum sfcrage density of memory devices is limited by the s*e 
and complex of the cobmn and row decoder circAy. Howeve,, . progr^ = 
^e storage stack can be suitebly labricated overling an integraed ctan, w«h the 
entire semiconductor chip area dedicated to row/cobm. decode, sense amplifiers, and data 
circuitry (no, shown) sine struck 400 need no. use any subsfrate teal estete 
In this manner, storage densities of many gigabiu per square centimeter can be turned 
^ programme aructeres of the present inversion Utilized in this manner, the 
programmable stiuCure i, essentially an addhive technology t* adds capabrhty and 
functionality to existing semiconductor integrated circuit technology 

Figure 5 sctoroateuly illusttates a portion of a memory devico including strucmre 
400 having an Elating p-n junction 470 a. an intersection of a bit line 5 . 0 and a word one 
520 of a memory circuit. Figure 6 illustiates an alternative isotation scheme employrng a 
610 interposed b«ween an electiode and a conteot of a programmable stiuctine 
tocated at an intersection of a bit line 610 and a word line 620 of a memory devce. 

Figures 7-10 illustrate programmable devices in accordance with another 
e^entoftiteinvention The devices Ulustrated in Figures 7-!0 have an electrode 
tto c»modeduringawriteproce 8 s)wimasn B ller cross sectional area m comae, w«hu« .on 
» to «^n^ Thesmauerdecoue 
^ area is though, to increase the efficiency and endurance of the device because an 
incre»ed percentege of ions in the soiid station are able «o take par, in the electrodes, 
formation process. Thus any cafcode plating from ions « do no, participate m me 
electrodeposit process is reduced. 

Figures 7 and 8 illustrate a cross sectional and a fop cu,-away view of a 
presumable device 700 inciuding . indifferen, electtode 710. a. oxidizable electrode 
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m , and an ion condor 730 former overlying an insulating layer 740 such as siUcon 

oxide, silicon nitride, or the like. 

Structure 700 to famed by depots an indifferent decode matenal layer and an 
Uyer 750 overlying insulating layer 740. A via is then formed tough layer 750 
* elertrodemateria. layer 710, using an anisotropic eteh process (eg, reactive ionetehtng 

me0 fined with ioa conductor material and is stably dopri to form a solid sohrUon as 
described hereto. Any access ion conductor notorial is removed from the anftce o layer 
,50 and etectrode 730 is formed, for example using a deposition and etch process. Intms 
e^e the indifferent electrode (cathode during write process) area in contact wnh .on 
^ctor 730 is the surface area of electrode 710 about the perimeter of conductor 730, 
iather man the area underlying the ion conductor, as illustrated in Figures 1-2 and 4 

Figures 9 and 10 illustrate a pmgrammable device 900 having an mdnTerent 
dectrbde 910, an oridizable electrode 920, an ion conductor 930 and irauUung layers 940 
a* 950 in accordance win, y« auofcer embodiment of the invention. Structure 900 . 

process (e g, chemical or plasma) is employ* to form the via through electron. 910, such 
ft. a sloped interaction between an ion conductor 930 and electrode 910 is formed. 

rnrures 11 and 12 illustrate another programmable device 1100, wrth a reduced 

— 1100 

tocludes electrodes 1.10 and 1 120 and an ion conduct 1130, formed on a surftce of an 
mrterial 1140, rate man within a via as discussed above. In this case, the 
pIogra mmable structure is formed by denning an ion conductor .130 patter on a surface of 
i^iaUng materia. 1140 (eg., using deposition and etch techniques) and forming electrodes 
, 110 and 1120, such that the electrodes each contact a portion of the ion conductor. In the 
case of the iHustrated embodiment, me electrodes arc fonned overlying and in conUct vnth 
bomapornonofttaionconuuaorandtoh^anngn^. Although the thtckness of 

emboaimen , of the invention, the thickness of the ion conduct and electrode films » about 
1 umtoabou, lOOnm fcWM.,^ Wdta^-P^"'*^^*' 

O ^byovere* r x>singphc4or^ 
film layer. 
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Figure 13 illustrates a device 1300 in accordance with yet another embodiment of the 
Mention. Structure 1300 is similar to the devices illustrated in Figure 7 and 8, except that 
the cross-sectional area of the ion conductor that is in contact with the electrodes is reduced 
by filling a portion of a via with non-ion conductor material, rather than etching through an 
electrode layer. 

Structure 1300 includes electrodes 1310 and 1320 and an ion conductor 1330 formed 
within an insulating layer 1340. In this case, ion conductor 1330 is formed by creating a 
trench within Mating layer 1340, the trench having a diameter indicated by D2. The 
trench is then filled using, for example, interference lithography techniques or conformally 
lining the via with insulating material and using an anisotropic etch process to remove some 
0 ,^^^^^^^^ Structure 1300 formed using 
this technique may have a ion conductor cross sectional area as small as about lOnm m 
contact with electrodes 1310 and 1320. 

Figures 14-17 illustrate another embodiment of the invention, where the cross 
sectional area of the ion conductor/electrode interface is relatively small. Structure 1400, 
illustrated in Figure 14, includes electrodes 1410 and 1420 and an ion conductor 1430. 
Structure 1400 is formed in a manner similar to structure 700, except that the ion conductor 
material is deposited conformably, using, for example chemical vapor deposition or physical 
vapor deposition, into atrench, and the trenchis not filled with the ion conductor material. 

Structure 1500 is similar to structure 1400, except that an ion conductor 1530 is 
formed by etching a portion of ion conductor 1430, suchthat a via 1540 is formed through to 
electrode 1410. Structure 1600 is similar to structure 1500 and is formed by conformaUy 
depositing the ion conductor material as described above and then removing the ion 
conductor material from a surface of insulating material 1450 prior to depositing electrode 
1420 material. Finally, structure 1700 may be formed by selectively deposing the ion 
conductor 1730 material into only a portion of the trench formed in insulating material 1450 
(eg using angled deposition and/or shadowing techniques), removing any excess ion 
conductor material on the surface of insulator 1450, and forming an electrode 1720 
overlying the insulator and in contact with ion conductor 1730. 

Figures 18 and 19 illustrate yet another embodiment of the invention, where a pillar 
or wall whhin a trench is used to reduce a cross-sectional area of the interface between the 
ion conductor and one or more electrodes. Structure 1800, illustrated in Figure 1 8, includes 
electrodes 1810 and 1820 and an ion conductor 1830 formed within an insulatmg layer 1840. 
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fc addition, stiuctiore 1800 includes a pillar 1850 of ta.0a.bg .arterial (eg, instating 
n^usedtoformlayer i^fonned^atochv^nlayer^. StiuCure 1800 
n^teformedusingttashadoweddeposta Structure 1900 is 

Mar to structure 1800, accept structure 1900 indudes a partial pillar 1950 and au .ou 
concluctorimwMchfubtlKrern^ 

Figure 20 illustrates yet another structure 2000 in accordance with the present 
invention. Structure 2000 includes electrodes 2010 and 2020 and an ion conductor 2030 
^within an insulating layer 2040. Structure 2000 is formed using an anisotroprc or a 
conation of an anisotropic and an isotropic etch processes to form a tapered via. Ion 
ccductor 2030 is then formed within the n^ using tecbuo^ previously dei^bed. 

Figures 21-24 illustrate progranunable devices in accordance wrth yet another 
embodiment of the invention Tne structures illustrated in Figures 21-24 include a floating 
decrode, which allows multiple bns of information to be stored within a smgle 

programmable device. 

Structure 2100 includes a first electrode 2110, a second, floating electrode 2120, a 
third electrode 2130, ion conductor portions 2140 and 2150, which may all be formed on a 
^orwtanyorpartiailyfonnedwiti^awasdescribe.^ove. Although stiuctine 

2,00 is illustrated in a vertical configuration, the structure ma, be formed in a homomal 
configuration, similar to structure 1100. In accordance wim one aspect of this embodtment, 
the firs, and third electrode, are formed of an indifferent electrode and tire second electrode 
is formed of an oxidizable electiode maerial Alternatively, the firs, and third electrodes 
may be formed of oxidizable electrode material and the second, floating electrode may be 
formed of an indifferent electrode material In enter case, the structure includes two half 
cells" where each half cell functions as a programmable device described above m 
connection withKgurel. BacnhalfceU is preferably configured atch tha, the resistimce of 
one half ceil differs from the resistiu.ee of the other half cell when both cells are in an erased 

state. j . , 

In the case when floating electrode 2120 is formed of oxidizable electrode material, 

bits of data may be stored as follows. The overall impedance of structure 2100 , 
3 appr o^lye q u a ltotheresistanceofportions2140and2150. When no dectrodeposrl 
formed within either portion, this high resistance state may be represent by the state 00. 
When a voltage is applied to sfcucture 2100, such that electrode 2130 is positive relative to 
electrode 21 10 and the applied bias is greater that the threshold voltage required to form an 
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elecfrodeposit in portion 2140, an electrodeposit 2160 will form through conductor portion 
2140 from electrode 2110 toward floating electrode 2120 as illustrated in Figure 22. Under 
this condition, an electrodeposit will not form within conductor portion 2150 because portion 
2150 is under a reverse bias condition and thus will not support growth of an electrodeposit 
The growth of the electrodeposit will change the impedance of portion 2140 from Z, to V, 
thus changing the overall impedance of structure 2100, which may be represent by the state 
01 The current level used to form electrodeposit 2160 should be selected such that ft is 
sufficiently low, allowing the electrodeposit to be dissolved upon application of a sufficient 
reverse bias. Athird statemay be formed by reversing the polarity of the applied bias across 
electrodes 2110 and 2130, such that most of the voltage drop occurs across the high 
resistance ion conductor portion 2150 and formation of an electrodeposit 2170 begins, as 
illustrated in Figure 23, without causing electrodeposit 2160 to dissolve. The impedance of 
portion 2150 changes from Z, to U, and the overall impedance of structure 2100 is V plus 
V which may be represented by the state 11. Once both half cells are in the wnte state, 
electrodeposit 2160 and/or 2170 may be dissolved by applying a sufficient bias across one or 
both of the half cells. Electrodeposit 2170 can be erased, for example, by sufficiently 
negatively biasing electrode 2130 with respect to electrode 2110, which may be represented 
by a state 00. The four possible states, along with the current limit used to form the state, are 
represented in table 1 below. 



20 



Sub-threshold 
Upper + Lower - 
Upper -Lower + 
Upper- Lower + 



Zero 
Low 
Low 
High 
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00 
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Zi' 


Zs' 


11 






10 



Table 1 



Structure 2100 can be changed to 11 from state 10 by applying a low current limit 
25 bias to grow electrodeposit 2150 in portion 2140. Similarly, structure 2100 can be changed 
from state 11 to state 01 by dissolving electrodeposit 2170 by applying a relatively high 
current limit bias such that upper electrode 2130 is positive with respect to lower electrode 
2110 Finally, structure 2100 can be returned to state 00 using a short current pulse to 
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thermally dissolve electrodeposit 2160, using a current which is high enough to cause 
localized heating of the electrodeposit. This will increase the metal concentrate m the 
half-cell but this excess metal can be removed electrically from the cell by plating it back 
onto the floating electrode. This sequence is summarized in table 2 below. 
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Table 2 



Other write and erase sequences are also possible (as are other definitions of the 
10 various states represented by the half-cell impedances). For example, it is possible to go 
from state 00 to either state 01 or state 10, depending on the write polarity chosen. 
Similarly,* is possible to go from statellto either state 10 or state 01. It is also possible to 
go from state 11 to state 00 by the application of a current pulse (in either direction) wmch » 
high and short enough to thermally dissolve the electrodeposits in both half-cells 

15 simultaneously. 

In addition to storing information in digital form, structure 2100 can also be used as a 
noise-tolerant, low energy anti-fuse element for use in field programmable gate arrays 
(FPGAs) and field configurable circuits and systems. Most physical anti-fuse technology 
require large currents and voltages to make a permanent connection. The need for such hrgh 
20 energy state-switching stimuli is generally considered to be somewhat beneficial as tins 
reduces the likelihood of the anti-fuse accidentally forming a connection in electrically noLsy 
situations. However, the use of high voltages and large currents on chip represent a 
significant problem as all components in the programming circuits are typically sized 
accordingly and the high energy consumption reduces battery life in portable systems. 
25 Figures 25-29 illustrate structures in accordance with another embodiment of the 

invention in which multiple programmable devices include a common electrode (e.g., the 
devices share a common anode or cathode. Forming structures in which multiple structures 
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^eactHnmonelecaodei. advar^ because such sh^rures aUo» ahigber density of 
cells to be formed on a given substrate suttee area. 

common el«trode. » «00 inch.des an efcctrica. — 2 5 10 co^ed » a 

^ 2*0 overlying an insulating iayer 2,70. — 2500 ma, be used tc .form ~d - 
bit Unas as desert above by forming a tow of decodes (e g, anofcs <»u^o 
"uductot 25,0, and conunu, of oppose bias ai«*odes catnodes, runmng 
^Lar to erodes 2520. A conoWe p,u fe toned of an y suiabl, coning 
Zia, can be used to coup, electrode 2520 to cono^r 25,0. « 

„ ^ a horizon*, connguratfo, conunon Cechode shucttres . »<*~£ 



herein. 



3 



Figures 27 and 28 Ulustrtfe addmonal sttuOutes 2700 and 2800 having a common 

^ insuring iayers 2740 and 2750. ~ 2700 and 2800 may be , fcrme^ng 
technic described above in connexion with Fi^ .5 and 1*-^, by 
o^slgionconduc^nta^wi^.^cbrfanin.uatinglayet. b accordance ™4 

^,«.rm Sn u«u re »27«.and2 8 00 each inch* two progrannuable dey 
^ common eUrtrode 27,0 an ion conduct (e.g, conduct 2.5, 
Lrod (e*, — 2725). DielecBic mauria, 2750 is an i-**. — 1 *- 
tTlLL ^ deposit growth, as sUicon * ^ 

^ ^Figure 29 iUuars*. a sttucture 2900 including multiple programmable devices 2902- 
JZ abc* a common e^a 2920. Bacb of the de*«s 

ulted * Figute 29, eacb o, decodes 2930-2930 and 2938-2944 ma, be coupfcd 

Iglr in a dilou perpendicular to the direction ofconnnon ele*ode 2920, 
together in a eurem v j . ..^es 2930-2936 and electrodes 2938-2944 form 
electrode 2920 forms a bit hne and electrodes ,„ mic6ir e 
wordlines. Shuctnre 2900 ma, opera* and be programmed in a manner snnuar to struck 

2100 described above. 
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In accordance with other embodiments of the present invention, a programmable 
structure or device stores information by storing a charge as opposed to growing an 
electrodeposit. A capacitance of a structure or device is altered by applying a bias across 
electrodes of the device such that positively charged ions migrate toward one of the 
5 electrodes. If the applied bias is less that a write threshold voltage, no short will form 
between the electrodes. Capacitance of the structure changes as a result of the ion migration. 
When the applied bias is removed, the metal ions tend to diffuse away from the electrode or 
a barrier proximate the electrode. However, an interface between an ion conductor and a 
barrier is generally imperfect and includes defects capable of trapping ions. Urns, at least a 
10 portion of ions remain at or proximate an interface between a barrier and an ion conductor. 
If a write voltage is reversed, the ions may suitably be dispersed away from the interface. 

A programmable structure in accordance with the present invention may be used in 
many applications which would otherwise utilize traditional technologies such as EEPROM, 
FLASH or DRAM. Advantages provided by the present invention over present memory 
15 techniques include, among other things, lower production cost and the ability to use flexible 
fabrication techniques which are easily adaptable to a variety of applications. The 
programmable structures of the present invention are especially advantageous in applications 
where cost is the primary concern, such as smart cards and electronic inventory tags. Also, 
an ability to form the memory directly on a plastic card is a major advantage in these 
20 appUcationsastbis is generally not possible with other forms of semiconductor memones. 

Further, in accordance with the programmable structures of the present invention, 
memory elements may be scaled to less than a few square microns in size, the active portion 
of the device being less than on micro. This provides a significant advantage over 
traditional semiconductor technologies in which each device and its associated mterconnect 
25 can take up several tens of square microns. 

Additionally, the devices of the present invention require relatively low energy and 
do not require "refreshing" Thus, the devices are well suitable for portable device 
applications. 

Although the present invention is set forth herein in the context of the appended 
3 0 drawing figures, it should be appreciated that the invention is not limited to the specific form 
shown For example, while the programmable structure is conveniently described above m 
connection with programmable memory devices, the invention is not so limited; the structure 
of the present invention may suitably be employed as programmable active or passive 
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devices within a microelectronic circuit. Furthermore, although only some of the devices are 
illustrated as including buffer, barrier, or transistor components, any of these components 
may be added to the devices of the present invention Various other modifications, 
variations, and enhancements in the design and arrangement of the method and apparatus set 
forth herein, may be made without departing from the spirit and scope of the present 
invention as set forth in the appended claims. 
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We claim: 

1 A microelectronic programmable structure comprising: 

an ion conductor formed of an ion conductive material and conductive ions; 
an oxidizable electrode proximate the ion conductor, and 
an indifferent electrode proximate the ion conductor. 

2. The microelectronic programmable structure of claim 1, further comprising a 
buffer layer between the oxidizable electrode and the ion conductor. 

3. The microelectronic programmable structure of claim 2, wherein the buffer 
layer comprises a material selected from the group consisting of A&A Ag*S, Ag.Se, Ag^Te, 
where x ^ 2, Ag y I, where y * 1, Cufc CuO, CuS, CuSe, CuTe, GeO z , and Si0 2 . 

4. The microelectronic programmable structure of claim 1, wherein the 
indifferent electrode comprises platinum. 

5. The microelectronic programmable structure of claim 1, wherein the 
oxidizable electrode comprises a material selected from the group consisting of a transition 
metal sulfide and a transition metal selenide. 

6. The microelectronic programmable structure of claim 5, wherein the 
oxidizable electrode further comprises intercalated silver. 

7. The microelectronic programmable structure of claim 5, wherein the 
oxidizable electrode comprises TaS2. 

8. The microelectronic programmable structure of claim 1, wherein the 
oxidizable electrode comprises Agl. 

9. The microelectronic programmable structure of claim 8, wherein the 
oxidizable electrode comprises excess silver. 
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10. The microelectronic programmable structure of claim 1, wherein the ion 
conductor comprises a solid solution selected from the group consisting of MA-rAg, 
Ge^Ag, Ge^Ag, As^Cu, Ge^Se^u, Ge^-^Cu, where x ranges from about 
0.1 to about 0.5. 

11. The microelectronic programmable structure of claim 10, wherein the ion 
conductor comprises a filler material. 

12. The microelectronic programmable structure of claim 11, wherein the filler 
material comprises a dielectric and is present in the ion conductor at a volume percent of up 
to about 50 percent. 

13. The microelectronic programmable structure of claim 11, wherein the filler 
material comprises a dielectric and is present in the ion conductor at a volume percent of up 
to about 5 percent. 

14. The microelectronic programmable structure of claim 11, wherein the filler 
material comprises silver. 

15. The microelectronic programmable structure of claim 1, wherein the ion 
conductor comprises a glass having a composition of Geo.nSeo.ia to GeoasSeo.75. 

16. The microelectronic programmable structure of claim 15, wherein the ion 
conductor further comprises up to about 34 percent silver. 

17. The microelectronic programmable structure of claim 1, further comprising a 
transistor in contact with one of the oridizable or the indifferent electrodes. 

18. The microelectronic programmable structure of claim 1, farther comprising a 
diode in contact with one of the oxidizable or the indifferent electrodes. 
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19. The microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a via in an insulating material layer. 

20. The microelectronic programmable structure of claim 19, further comprising 
5 a diode formed within the via. 

21. The microelectronic programmable structure of claim 19, wherein the ion 
conductor contacts the indifferent electrode about a portion of the perimeter of the ion 
conductor. 

10 . . 

22. The microelectronic programmable structure of claim 21, wherein the ion 

conductor contacts the indifferent electrode about a sloped portion of the perimeter of the ion 
conductor. 

15 23. The microelectronic programmable structure of claim 1, wherein the 

indifferent electrode, the oxidizable electrode, and the ion conductor are formed on a surface 
of an insulating material layer. 

24. The microelectronic programmable structure of claim 1, wherein the ion 
20 conductor is formed within a via of a first insulating material layer, and wherein the 

programmable structure former comprises a second insulating material formed within the 

via. 

25. The microelectronic programmable structure of claim 1, wherein the ion 
25 conductor is formed along a sidewall of a via formed within an insulating layer. 

26. The microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a sloped via within an insulating material layer. 

30 27. The microelectronic programmable structure of claim 1, further comprising a 

barrier layer between the indifferent electrode and the ion conductor. 
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28. The microelectronic programmable structure of claim 27, wherein the barrier 
layer comprises a conductive material. 

29. The microelectronic programmable structure of claim 27, wherein the barrier 

layer comprises an insulating material. 

30 The microelectronic programmable structure of claim 1, wherein surface area 
of the indifferent electrode in contact with the ion conductor is less than the surface area of 
the oxidizable electrode in contact with the ion conductor. 

31. The microelectronic programmable structure of claim 1, wherein an interface 
between the indifferent electrode and the ion conductor is roughened. 

32. A multi-cell programmable microelectronic device comprising: 
15 a first electrode of a first type; 

a second electrode of a second type; 

a first ion conductive material of a first resistance interposed between the first 

electrode and the second electrode; 

a third electrode of a first type; and 
20 a second ion conductive material of a second resistance interposed between 

the second electrode and the third electrode. 

33 The multi-cell programmable microelectronic device of claim 32, wherein the 
first and third electrodes comprise an indifferent electrode material and the second electrode 

25 comprises an oxidizable electrode material. 

34 The multi-cell programmable microelectronic device of claim 32, wherein the 
first and third electrodes comprise an oxidizable electrode material and the second electrode 
comprises an indifferent electrode material. 
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35. A multi-cell programmable microelectronic device comprising: 
a plurality of electrodes of a first type; 
a plurality of electrodes of a second type; and 
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a plurality of ion conductor structures, wherein at least one of the plurality of 
ion conductor structures is interposed between one of the plurality of electrodes of a first 
type and one of the plurality of electrodes of a second type, and 

wherein a plurality of electrodes of a first type are electrically coupled 

together. 

36. The multi-cell programmable microelectronic device of claim 35, wherein the 
plurality of electrodes of a first type comprise oxidizable electrode material. 

37. The multi-cell programmable microelectronic device of claim 35, wherein the 
plurality of electrodes of a first type comprise indifferent electrode material. 

38. The multi-cell programmable microelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed within a via within an 
insulating material layer. 

39. The multi-cell programmable microelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed on a surface of an 
insulating material layer. 

40. A method of forming a programmable microelectronic structure, the method 

comprising the steps of: 

providing a substrate; 

forming a layer of electrode material of a first type overlying the substrate; 
forming an insulating layer overlying the layer of electrode material of a first 

type; . 

forming a via through the insulating layer and the layer of electrode material 

of a first type; 

depositing ion conductor material into the via; and 

forming an electrode of a second type overlying the ion conductor material. 

41. The method of claim 40, wherein the step of forming a via includes 
isotropically etching the insulating layer. 
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42. The method of claim 40, wherein the step of forming a via includes 
anisotropically etching the insulating layer. 

43. The method of claim 40, wherein the step of forming a via includes 
isotropically etching the layer of electrode material of a first type. 

44. The method of claim 40, wherein the step of forming a via includes 
anisotropically etching the layer of electrode material of a first type. 

45. The method of claim 40, further comprising the step of applying a bias across 
the electrode material of the first type and the electrode material of the second type to 
manipulate a concentration of conductive material in the ion conductor. 

46. The method of claim 40, further comprising the step of applying a bias across 
the electrode material of the first type and the electrode material of the second type to 
manipulate an amount of conductive material present in one of the electrode material of the 
first type and the electrode material of the second type. 

47. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing germanium onto a surface and reacting the germanium with 
H 2 Se. 

48. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing arsenic onto a surface and reacting the arsenic with H 2 Se. 

49. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing germanium onto a surface and reacting the germanium with 
H 2 S. 

50. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing arsenic onto a surface and reacting the arsenic with H 2 S. 
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51. A method of forming a programmable microelectronic device, the method 

comprising the steps of: 

forming an ion conductor structure overlying a substrate; 

depositing an electrode material layer overlying the ion conductor structure; 

and 

patterning the electrode material layer to form electrodes in contact with the 
ion conductor structure. 

52 The method of claim 51, wherein the step of forming an ion conductor 
structure comprises depositing germanium onto a surface and reacting the germanium with 
H 2 Se. 
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53. 



of: 



A method of forming an electronic device, the method comprising the steps 

forming a first electrode on a surface of a substrate; 
depositing a first insulating layer over a surface of a the first electrode; 
forming a via in the first insulating layer; 
depositing a second insulating material within a portion of the via; 
depositing ion conductor material within a portion of the via; and 
forrning a second electrode overlying the ion conductor. 

54 The method of forming an electronic device of claim 53, wherein the step of 
depositing ion conductor material comprises the step of deposing the ion conductor material 
within a via formed in the second insulating material. 



55 The method of forming an electronic device of claim 53, wherein the step of 
depositing a second insulating material comprises using a directional deposition technique. 

56 The method of forming an electronic device of claim 53, wherein the step of 
30 depositing an ion conductor material comprises forming a confonnal layer of ion conductor 

material. 
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57 Hie method of forming an electronic device of claim 53, further comprising 
the step of removing a portion of the ion conductor material from a surface of the first 
insulating material. 

58. A method of forming a multi-cell programmable device, the method 

comprising the steps of: 

forming a first electrode on a surface of a substrate; 
forming a first ion conductor portion overlying the first electrode; 
forming a second electrode overlying the first ion conductor portion; 
forming a second ion conductor portion overlying the second electrode; and 
forming a third electrode overlying the second ion conductor portion. 

59. A method of forming a glass composition, the method comprising the steps 

of: 

selecting an ampoule; 

cleaning the ampoule using hydrofluoric acid; 

drying the ampoule for about 24 to about 120 hours at about 120 °C; 

evacuating the ampoule; 

heating the ampoule until the ampoule turns red; 

filling the ampoule with a charge; 

heating the ampoule to a temperature below the melting temperature of the 

glass constituents; 

ramping the temperature at a rate of about 0.5 degrees per minute to a 
temperature about 50 °C higher than the hquidus temperature of the glass; and 

slow rocking the glass composition at a rate of about 20 per minute for a 

period of about six hours. 
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